We examined the effects of chronic exposure to radionuclides, primarily uranium and mixed-fission products, on cancer mortality in a retrospective cohort study ofworkers enrolled in the radiation-monitoring program of a nuclear research and development facility. Between 1950 and 1994, 2,297 workers were monitored for intenal radiation exposures, and 441 workers died, 134 (30.4%) of them from cancer as the underlying cause. We calculated internal lung-dose estimates based on urinalysis and whole-body and lung counts reported for individual workers. We examined cancer mortality of workers exposed at diffirent cumulative lung-dose levels using complete risk-set analysis for cohort data, adjusting for age, pay type, time since first radiation monitored, and external radiation. In addition, we examined the potential for confounding due to chemical exposures and smoking, explored whether external radiation exposure modifies the effects of internal exposure, and estimated effects after excduding exposures likely to have been unrelated to disease onset. Dose-response relations were observed for death from hemato-and lymphopoietic cancers and from upper aerodigestive tract cancers, adjusting for age, time since first monitored, pay type, and external (gamma) radiation dose. No association as found for other cancers, including cancers of the lung. Despite the small number-of exposed deaths from specific cancer types and possible bias due to measurement error and confounding, the positive findings and strong dose-response gradients observed suggest carcinogenic effects of internal radiation to the upper aerodigestive tract and the blood and lymph system in this occupational cohort. However, causal inferences require replication of our results in other populations or confirmation with an extended follow-up of this cohort.
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Compared to a wealth of information about effects of low-dose external radiation exposures (gamma and X rays), considerably fewer data are available for quantifying human health risks associated with chronic internal exposure to radionuclides. In animal experiments, high internal doses from alpha-and beta/gamma-emitting radionuclides have resulted in immunosuppressive and carcinogenic effects in organs where these radionuclides concentrate (1) . The carcinogenic potential of such radionuclides has been confirmed in a few human populations exposed to high doses, including uranium miners and millers, radium dial painters, and patients treated with Thorotrast and 224Ra (2, 3) . The sites of cancer have coincided with distribution patterns for the radionuclides within the body, with increases in the incidence of lung, liver, and head-sinus carcinomas, as well as leukemias and bone sarcomas.
Studies published to date examining health effects in workers in the nuclear industry who were exposed internally to radionuclides have yielded inconsistent findings at dose levels less than 1 Sv (100 rem) ( Table 1 ). The lack of consistency may be partly a function of differences in the types of alpha radiation-emitting particles to which workers have been exposed at different nuclear facilities; for example, some workers were primarily exposed to 239Pu and 238Pu, others to uranium dusts, a mixture of tritium, plutonium, and other radionuclides, and others to 222Rn or 210po (Table 1) . After ingestion or inhalation, radioactive particles, depending on their size, solubility, and chemical structure, differ in their distribution through the body, their organ residence time, and the transfer, dissolution, and absorption of the radioactivity associated with the particles (3), and hence might be expected to vary in their effects across organ systems. Moreover, there has been considerable variation from study to study in the methods used to estimate internal dose levels. Some studies simply used monitoring status and/or duration as a crude proxy measure of internal exposure, whereas others relied on environmental monitoring of airborne dust concentrations to approximate personal exposures. Several studies used more extensive dose-modeling approaches based on variable combinations of urinalysis, fecal analysis, and in vivo organ or wholebody count data, sometimes in association with environmental measures, to calculate whole-body burden (a measure that applies an equal dose to all organs) or organ-specific doses such as to the lung, kidney, or spleen ( Table 1) . Because of large differences in exposure assessment and the lack of power in smaller cohorts with the most in-depth exposure characterization, comparisons of internal dose levels and of results across studies are problematic and the generalizability of findings may be limited. However, although this heterogeneity across studies may prohibit us from calculating a common effect estimate or validly comparing results across studies, each study contributes information about the potential carcinogenicity of specific radionuclides prevalent in the work environment of a nuclear facility.
In our study we calculated lung doses using several kinds of individual-level monitoring data provided by the facility to examine the cancer mortality risk associated primarily with exposures to uranium and mixed-fission products. Most of the employees included in the analyses were also monitored for external (gamma) radiation.
Materials and Methods

Study Design and Subject Selection
We carried out a retrospective cohort mortality study of 
Radiation Measurements
Throughout the study period, RAI conducted periodic bioassays of urine or feces, as well as in vivo whole-body counts and lung counts, to estimate internal doses for workers assigned to areas potentially contaminated by radioactive materials. These doses resulted from inhalation and, to a lesser (26, 27) and on the mathematical techniques described in a report by Crawford-Brown and co-workers (28, 29 Job titles, employment periods, and, when available, job locations were used to create proxy measures for chemical exposures during the study period. We determined that hydrazine, asbestos, beryllium, and many solvents had been used extensively at Rocketdyne/AI. We categorized workers as highly, moderately, potentially, or not likely to be exposed to asbestos and hydrazine.
Information about tobacco smoking was systematically recorded for two subgroups of subjects in routinely administered medical questionnaires from different periods. Questionnaires from 1961 to 1969 indicated only whether the worker was a smoker (yes/no); after 1980, the level ofsmoking and dates of starting and quitting were specified. Because information on smoking was not available for most of the study cohort, we examined the association between smoking status and cumulative radiation dose in those workers for whom information on smoking was available (658 subjects) to assess potential confounding in the larger cohort. Statistical Methods We used two different analytic approaches: external comparisons of our monitored workers with the general U.S. white male population; and internal comparisons among monitored workers according to measured dose levels of radiation exposure (dose-response analyses). In external comparisons, the Monson program (31) was used to estimate standardized mortality ratios (SMRs; = observed/expected deaths) for the monitored study population. We estimated expected numbers of deaths from the mortality rates of the U.S. white male population, stratified by age (5-year categories) and calendar year (5-year intervals). Estimation of 95% confidence limits for the SMRs was based on a formula derived by Byar and recommended by Breslow and Day (32) .
Because our study population yielded 10 or fewer deaths for many types of cancer, it was not possible to perform informative dose-response analyses; thus, it was necessary to combine deaths from selected cancers. The choice ofwhich cancers and cancer groups to evaluate was made a priori on the basis of the distribution within the body of the radionuclides of major concern. These radionuclides emit densely ionizing alpha radiation that usually reaches and damages only the tissues in its immediate vicinitywithin micrometers of the particle (1). Exceptions are the air-filled spaces in the lung, which allow alpha particles to reach greater distances, such that almost any tissue constituent of the lung may receive a considerable dose of radiation, and radionuclides that dissolve from particles into systemic circulation from which they deposit in other tissues. Cells located at bifurcations, where removal is significantly slower than in the tubular airways, will experience significantly higher doses than those lining the tubular airways. In addition, for alpha emitters such as those considered here, microdosimetric considerations show that most cells will have a dose of zero, with a small fraction of cells having doses on the order of tens of rads due to the passage of one or a few alpha particles through the nucleus. Because risk coefficients generally are developed using mean tissue doses, however, we chose to use mean dose in the present study rather than the more detailed microscopic dose distribution.
Relatively Thus, any effects of internally deposited radionuclides are most likely to be evident in those tissues receiving the highest dose. In general, these will be the tissues of the portal organs (lungs for inhalation and gastrointestinal tract for ingestion) for the highly insoluble compounds, or the bone for the more soluble compounds (for translocation of uranium and strontium). Because solubility is unknown for this population, it was not possible to estimate doses to tissues other than the lung tissue, and even for the lung we obtained only a relative measure of dose, as the absolute value of the dose depends on solubility. Accordingly, we conducted dose-response analyses for a) lung cancer (ICD-9 162); b) upper aerodigestive tract cancers encompassing the naso-oropharyngeal regions, esophagus, and stomach (ICD-9 140-151); c) hemato-and lymphopoietic cancers (ICD-9 200-208, excluding chronic lymphatic leukemias); a) urinary-tract cancers (ICD-9 188-189); and e) prostate cancer (ICD-9 185). Other organs to which some radionuclides are translocated and stored are the liver (Thorotrast), bones (plutonium), and the thyroid (iodine). We did not, however, observe any bone, thyroid, or primary liver cancers among workers monitored for internal radiation.
To estimate effects in the dose-response analyses, we used the risk-set approach for the analysis of cohort study data, which was recommended by Breslow and Day (32), using the full cohort information. In this approach, conditional logistic regression is used to compare individuals who have died of cancer (outcome events) with all individuals still at risk of dying from cancer (survivors). We constructed risk sets of deaths and survivors matched on calendar time for use in the analysis by matching to each cancer death all cohort members who were still alive at the time of the index subject's death. This approach allowed us to treat cumulative dose and all other time-varying variables, such as time since first monitoring, as time dependent, (i.e., values for these factors were determined for all risk-set members at the time of each index death).
We modeled cumulative internal radiation dose both as a set of binary variables and as a continuous variable (in 1 0-mSv increments). Based on the dose distribution in our cohort, we categorized dose equivalents into 4 levels: 0 mSv, > 0-5 mSv, > 5-< 30 mSv, and > 30 mSv. To allow for a period of induction/latency between radiation exposure and cancer death and to reduce possible selection bias (33), we lagged cumulative doses by 0, 2, and 10 years. Lagging entailed limiting the level of cumulative dose for each individual in a risk set to the dose level achieved 0, 2, and 10 years before the index death occurred. As recommended, we adjusted in all models for time since first monitored to avoid the possible selection bias inherent in the analyses of cumulative exposures (34) .
We used results of the conditional logistic regression analyses to estimate rate ratios (RR) and 95% confidence intervals (CI) for internal radiation and other covariates in the model. To test for a monotonic trend in the association between cumulative dose and cancer mortality, the mean of the four dose categories were used as exposure scores. We explored a variety of potential confounders, but retained in the final models only those covariates that changed the estimated RR for radiation exposure by > 10% for any outcome (35) . Accordingly, pay status, time since first monitored, and age at risk (continuous) but not exposure to chemicals were included in all models presented in this paper. Because Checkoway et al. (6) reported a positive association between internal and external radiation dose in Oak Ridge workers, all analyses of internal radiation effects were also adjusted for the effect of external radiation dose (treated as continuous in 10-mSv increments).
Results
The Rocketdyne/AI cohort monitored for internal radiation exposure was characterized by a long follow-up period (average 25.4 years), a high percentage of salaried employees (40.1%), and few women ( Table 2 ). Only 0.7% of these workers received estimated internal radiation doses to the lung > (Table 6 ). However, the 95% confidence intervals are quite wide for these estimates, indicating low precision of these estimates based on small numbers.
We did not find an association between smoking and cumulative internal radiation dose during the 1960s (Table 7) . On the other hand, exposed workers who were still employed in the 1980s were more likely than unexposed workers to have quit smoking, and the fraction of unexposed workers who continued smoking remained disproportionately high relative to both their exposed co-workers and California males in general (36) .
Discussion
We observed a strong healthy worker (selection) effect in our cohort: compared to the U.S. population, monitored RAI nuclear workers experienced lower rates of death from all causes, from all cancers, and particularly from all circulatory system diseases. This phenomenon is characteristic of occupational cohorts in general, but is especially strong in the nuclear industries for which mean all-cause SMRs have been reported to be even lower (0.79) than the corresponding mean SMRs (0.83) reported for a large number of other industries (37) . The all-cause SMR in our cohort is low (0.72) mainly because RAI employees exhibit a large deficit in cardiovascular disease mortality (SMR = 0.62) which may be due to differences in lifestyle factors (diet, smoking, physical activity) when comparing these Californian workers to the rest of the United States or may be related to the extensive health insurance coverage these nuclear workers enjoyed throughout their employment. Greater health insurance coverage of workers may also be responsible for reducing fatality rates of many common cancers such as those of the colon, prostate, and bladder; for these organs, fatality depends on early detection and medical treatment of the cancer (38) .
Exposure levels in the cohort studied were relatively low; the mean lung dose from internal radionuclide exposure for 2,297 monitored workers was estimated to be 2.1 mSv, a dose much lower, for example, than the average lung dose of 82.1 mSv reported for 3,491 Table 4 . Adjusted rate ratio (RR) estimates (and 95% confidence intervals) for the effect of cumulative internal radiation dose and other factors on cancer mortality, by cancer type, assuming zero lag for exposure: results of conditional logistic regression analyses.
Predictors
All cancers Age at riskb (n=0) 0.65 &Excluding chronic lymphatic leukemias. bMeasured in one year increments. cTreated as time-dependent. dAssumes dose due to radionuclides equal to zero for employees not monitored for external radiation. Measured in 10-mSv increments. 'Number of cancer deaths shown in parentheses. frhe test for trend was performed by entering an interval variable with the category means as the score values into the logistic regression model. Table 5 . Adjusted rate ratio (RR) estimate (and 95% confidence interval) and two-tailed p-value for the effect of cumulative internal radiation dose in 10-mSV increments, by cancer type and lag for exposure: results of conditional logistic regression analyses.
Internal
All cancers radiation dose (n = 134) (per 10 The dose-response relationship that we observed between internal radiation exposure and death from cancers of the upper aerodigestive tract has not previously been described in occupational cohorts exposed to low doses. At high levels of exposure, radium dial painters have suffered an excess of head-sinus cancers (3) . Furthermore, the effect estimates based on the continuous dose (Table 5) did not change when we considered only the 11 esophageal and gastric cancers out of the group of 14 upper aerodigestive tract cancers. Wilkinson (41) reported a strong ecologic association between uranium deposits and gastric cancer mortality among counties in New Mexico. These results should be interpreted with caution, however, because of possible ecologic bias (42) and confounding due to the effects of other environmental carcinogens such as arsenic and cadmium.
Other studies of nuclear workers have not reported increases in cancers of the upper aerodigestive tract at (lung) doses apparently higher than those in our cohort, yet it is not clear whether other researchers ever examined effects on these organs in a dose-response analysis. Our external comparisons did not alert us to an excess mortality for cancers of these organs compared to the general U.S. population, possibly because RAI workers drank less alcohol (the observed number of liver cirrhosis deaths was about half that expected; Table 3 ), while dose-response analyses showed strong effects with increasing radionuclide exposure. Thus, researchers using external comparisons to guide their choice of organ sites for dose-response analyses may have been misled. Our positive findings may be due, in part, to the long follow-up period in our study and the properties of the radioactive particles to which workers at RAI were exposed. Moreover, the true dose delivered to the upper aerodigestive tract may be higher than indicated by our exposure measures, which were calculated as doses to the lung and derived mainly from urinalysis and lung-count data. Although most internal exposures are likely to involve inhalation, some radionuclide particles, depending on size, will not reach the lower respiratory tract or will be cleared by the ciliary system and swallowed. Because such particles have little or no residence time in the lungs, they are unlikely to be detected in a lung count. Because they are excreted through feces, they would also be missed by urinalysis; however, fecal analyses were rarely performed in our cohort. Nevertheless, these particles can deliver intense doses of concentrated alpha radiation to regions of the naso-and oropharyngeal and upper gastrointestinal system (1). Thus, our dose categories based on lung-dose estimates should be interpreted in a qualitative rather than quantitative fashion for the gastro-intestinal tract and other organs. It is reasonable, however, to assume that workers with higher lung doses were at greater risk for exposure to non-respirable radioactive particles, although the ratio of respirable to nonrespirable particles may have varied.
The observed excess rate of total cancer mortality in workers in the highest dose category (> 30 mSv) (Table 4) is due entirely to Table 6 . Adjusted rate ratio (RR) estimates (and 95% CIs) for the combined effects of cumulative internal and external radiation dose on total cancer mortality among all 2,253 subjects monitored for both internal and external radiation, by dose level assuming a zero year lag for both exposures: results from a conditional logistic regression analyses., deaths from cancers of the hemato-and lymphopoietic system and upper aerodigestive tract. We did not observe an effect of internal radiation on cancers of the urinary tract or prostate among RAI workers. British studies found increased incidence rates of prostate and renal cancers in nuclear workers who were either exposed primarily to tritium or to a variety of different radionuclides (14-16).
Our negative results for urinary tract and prostate cancers might be attributable to the absence of tritium exposures in our cohort, the lower power of our study, lower radionuclide doses delivered to the urinary system (perhaps with a greater degree of partitioning to the gastrointestinal tract), or the use of mortality rather than incidence data. Furthermore, the absence of bone, liver, or thyroid cancers may be due to the fact that RAI workers were primarily exposed to uranium compounds and not other radionuclides favorably deposited in the latter two organs and/or the small number of such cancers expected in our cohort. We also did not detect a positive association between internal radiation dose and lung cancer mortality in our cohort. British studies demonstrated a trend of increasing mortality from lung cancers with increasing external radiation doses only among those workers who were also monitored for internal exposure to radionuclides, and an overall increase in respiratory tract cancers among plutonium workers could not be explained by external radiation doses (14) (15) (16) . Similarly, at Oak Ridge Y-12, Checkoway et al. (6) found the strongest gradient for the effect of cumulative gamma radiation dose (external) on lung cancer mortality in a subgroup of workers exposed to > 50 mSv of internal alpha radiation, primarily from uranium. Dupree et al. (7) were unable to confirm these results when extending the Oak Ridge follow-up by 3 years. However, the later analysis differed from the original in one important aspect: nonmonitored workers were included in the unexposed group. Wiggs et al. (10) reported a slightly elevated lung cancer mortality among plutonium-exposed workers at the Los Alamos National Laboratories. Fernald uranium processing workers exposed to alpha radiation at levels > 200 mSv also experienced an increased risk of dying from lung cancers (9) . Several Russian studies of plutonium workers employed at the Mayak nuclear enterprise recently also reported an increased risk of lung cancers among workers exposed to high levels of plutonium (19) (20) (21) (22) .
The lack of a positive association between lung cancer mortality and radionuclide dose in our cohort may be due to RAI workers having actually received relatively low doses to the lung tissue, very few workers having been exposed to plutonium, or incomplete control for confounding by other risk factors. The most likely potential confounders are smoking and exposure to chemical carcinogens such as asbestos, hydrazine, and beryllium. We did not have the information necessary to adjust for beryllium exposures, and our measures of asbestos and hydrazine exposure, based almost entirely on job titles, are likely to suffer from misclassification. Although we could not adjust for smoking in the analyses, we were able to evaluate smoking data in a subgroup of internally monitored workers. We found that among those still employed in the 1980s, the proportion of current smokers was substantially higher for unexposed than for exposed workers. This disparity suggests that negative confounding due to smoking might be occurring in our cohort, potentially obscuring the effect of radiation exposure on lung cancer mortality.
In summary, despite the small sample size and relatively low lung doses recorded for workers at RAI, this study has demonstrated a dose-response association between cumulative internal radiation dose and mortality from hemato-and lymphopoietic cancers. In addition, we have seen evidence for a dose-response association with upper aerodigestive tract cancers that may have resulted from the ingestion of nonrespirable particles that were cleared from the upper and lower respiratory tract. Our latter finding is based on a pooling of specific cancer types that have not been examined as a group in previous radiation studies. Although we found strong dose-response gradients for these two types of cancers, our estimates are imprecise due to the small number of cases in each group and should be confirmed by further follow-up of the present cohort. 
